Highly dispersed 15.0 wt% cobalt catalysts were prepared on γ-Al 2 O 3 , carbon nanotubes (CNTs), and graphene nanosheet (GNS) using chemical vapor deposition (CVD) procedure. The physico-chemical properties of the catalysts were studied by inductively coupled plasma (ICP), Brunauer-Emmett-Teller (BET), X-ray powder diffraction (XRD), field-emission scanning electron microscopy (FESEM), and temperature-programmed reduction (TPR) techniques, and the Fischer-Tropsch synthesis (FTS) performance of the catalysts was assessed at 220 °C, 18 bar, H 2 /CO = 2 and feed flow rate of 45 ml/min g cat. Based on BET results, Co/GNS catalyst provided highest surface area in comparison to the other catalysts. XRD and FESEM results revealed that CVD method prepared smaller particles on GNS compared to the other supports and resulted in the most dispersed metal particles on GNS according to H 2 -chemisorption results. The performance of Co/Al 2 O 3 catalyst prepared by CVD method was compared with conventional 15 wt% Co/Al 2 O 3 catalyst prepared by impregnation method. The Co/Al 2 O 3 catalyst prepared with CVD method showed 5.3% higher %CO conversion and 2.1% lower C 5 + selectivity as compared with the Co/Al 2 O 3 catalysts prepared by impregnation method. Among three catalysts prepared by CVD, Co/ GNS showed higher %CO conversion of 78.4% and C 5 + selectivity of 70.3%. Co/γ-Al 2 O 3 catalyst showed higher stability.
Introduction
Fischer-Tropsch synthesis (FTS) is a major process in conversion of gas-to-liquids, coal-to-liquids, and biomass-toliquids. In the FTS, syngas produced from natural gas, coal, or biomass converts to valuable hydrocarbons by hydrogenation of carbon monoxide [1] [2] [3] . In the quest for the development of more active catalysts, a rational strategy is to enhance the cobalt dispersion by decreasing the average particle size [4] .
In recent years, gas-phase-based methods have attracted a huge attention in catalysts preparation approaches. Chemical vapor deposition (CVD) is mainly an industrial chemical process, which includes a substrate exposed to a single-or multi-component volatile precursor (in gaseous phase) in an inert atmosphere at controlled temperature and pressure. Metal organic chemical vapor deposition (MOCVD) is a potential alternative for making stable and active catalysts with well-developed structure [5] . This technique offers several advantages: (1) allow direct and efficient deposition of active metals by reaction between surface groups of the support and vapors of a suitable volatile compound; (2) small, uniform, well-dispersed, nanocrystallites active metal particles can be formed [6] . The low cost and facile deposition process to control the thickness and morphology of the films on different substrates make CVD an attractive method for catalyst preparation [7] . Dry methods (working in gas/vapor phase) may represent a significant improvement over wet methods [8] . Among dry methods, chemical vapor deposition (CVD) is known to generate more active and selective catalysts compared to conventional techniques [9] .
Alumina is one of the most common supports for FT catalysts and carbon materials such as carbon nanotubes and graphene have also been recently applied for supporting iron and cobalt catalysts [10] [11] [12] . To best of our knowledge, gasphase methods for preparing cobalt catalysts on oxide and carbonous supports and evaluating their performance and stability in FTS have not been studied widely [13] . Cobalt and iron are proposed metal catalysts as the first catalysts for FTS. These catalysts have been employed in industrial processes for hydrocarbon synthesis. Cobalt catalysts are more expensive than iron catalysts, but they are resistant to deactivation. Cobalt-supported catalysts in FTS are usually prepared by impregnation. In this method, cobalt is deposited on porous support in which a dry support is contacted with a solution containing dissolved cobalt precursors. The distribution of cobalt ions on the surface of the support after impregnation is affected by some electrostatic interactions and van der Waals interactions that occur between the nanoparticles and results in the complex particle dynamics manifesting in deposition patterns on the support material [14] . In the previous studies, cobalt precursors have been dispersed on different porous carriers such as SiO 2 , Al 2 O 3 , and TiO 2 . The concentration, nature, and distribution of hydroxyl groups play an important role in the genesis of the dispersion of supported metal. Porous supports such as silica, alumina, and titanium have different points of zero charges, and should be pretreatment before use [15] . The concentration of hydroxyl groups can be controlled by pretreatment of the support with some organic compounds such as 1-propanol prior to impregnation resulted in higher metal dispersion and better activity in the FT reaction [16] [17] [18] . Carbon materials can be used as catalysts support due to special properties including high surface area, high mechanical strength, chemical inertness, and possibility of using in both basic and acidic solutions. Graphene is a one-atom-thick planar sheet of sp 2 -carbon atoms a crystal lattice. The unique specifications of graphene have attracted tremendous interest both in academics and industry. Among numerous procedures, chemical vapor deposition method has been introduced to synthesize the graphene from graphite flakes [16] . CVD has chemical reactions of gaseous reactants on the vicinity of a heated substrate surface. This method can provide a nanostructured and functionally coated materials with a special structure to use in different areas [19] . The advantage of this procedure is because of the uniform distribution of cobalt nanoparticles on catalyst support and possibility of a narrow distribution for cobalt particle size. Use of different types of cobalt materials could be explained by their low melting point and high vapor pressures [20] .
The aim of the present study is to employ CVD technique to investigate the properties, performance, and stability of cobalt catalysts on different supports in FTS. The main focus is to investigate CVD-prepared catalysts on different promising supports to have the further insights into the CVD approach which could lead to emerging a new and scalable method for preparing the next generation of Co catalysts.
The formation of small cobalt nanoislands greatly increases the number of surface "defect" sites which have been proposed as the catalytically active sites for Fischer-Tropsch synthesis [21] .
Experimental

Catalyst preparation
Functionalization of GNS and CNT 5 g of each support including GNS and CNT (purity > 99.5) were refluxed with 100 ml of 30% HNO3 at 120 °C for 16 h to generate OH groups which act as anchoring sites for metal particles on support surface.
Catalysts prepared by CVD method
Certain amounts of cobalt acetylacetonates (Co(acac) 2 Alfa Aesar) and support (GNS, CNTs and Al 2 O 3 ) were loaded into sublimation tube. The tube was sealed and connected to a vacuum system. The sublimation tube was slowly ramped to 100 °C and held at 100 °C temperature for 2 h. Then, the temperature increased to 130 °C and held at this temperature for 2 h. Argon was used as the carrier gas. Decomposing the cobalt acetylacetonate Co (acac) 2 compound was conducted in flowing argon for 4 h at 350 °C. The catalysts prepared by CVD method were denied as Co/GNS, Co/CNTs, and Co/Al 2 O 3 .
Catalyst prepared by impregnation method
The aqueous solution of cobalt nitrate (Co(NO 3 ) 2 ·6H 2 O) was impregnated on Al 2 O 3 as the support. The catalyst was dried at 120 °C for 3 h and calcination was calcined at 350 °C for 4 h. The catalyst prepared by this method denied as ICo/ Al 2 O 3.
Catalyst characterization
The FTIR technique was performed on a Bruker ISS-88. For each adsorption measurement, 0.5-5% of samples mixed with 95-99.5% potassium bromide (KBr) and a transparent pellet was prepared and the infrared beam passed through pellets.
A confocal Raman microscope system with a laser source of 785 nm was used to measure the Raman shift of the support materials.
Cobalt loadings were measured using a Varian VISTA-MPX inductively coupled plasma atomic emission spectroscopy (ICP-AES) system. The mixture including 0.02 g of the catalyst sample in 5 ml of nitric acid (Merck 65%) and 5 ml 1 3 hydrochloric acid (Chem-Lab, 37%) stirred at 40-50 °C for 2 h was filtered and then diluted up to 250 ml.
Field-emission scanning electron microscopy (FESEM JEOL-JSM-6700F instrument) was performed on prepared catalysts to analyze the morphology and homogeneity of Co particles. The samples were prepared by dispersing catalyst powder onto a carbon-coated copper grid.
BET surface area measurements were carried out using an ASAP-2010 system from Micrometrics. In each trial, a weight of approximately 0.25 g of sample was degassed at 200 °C for 4 h under 50 mTorr vacuum, and the BET area, pore volume, and average pore radius were determined.
The phases and crystallite sizes of the catalysts was studied using XRD. A Philips analytical X-ray diffractometer (XPert MPD) with monochromatized Cu/Kα radiation, 2θ angles from 20° to 80° recorded the patterns. The crystal size of the Co 3 O 4 was calculated using the Scherrer's equation (2θ = 36.8°).
Micrometrics TPD-TPR 2900 system equipped with a thermal conductivity detector (TCD) was used to conduct H 2 -TPR. Traces of water and gases were removed from the catalysts by purging a flow of helium at 140 °C. After cooling to 40 °C, TPR of each sample was performed using 5% H 2 in Ar stream at a flow rate of 40 ml/min at atmospheric pressure and a linearly programmed heating (10 °C/min) up to 850 °C.
Metal dispersion and the average active surface area were evaluated using the TPD technique. First, the TPD of hydrogen was conducted, and then, pulses of 10% oxygen in helium were entered to re-oxidize the samples at 400 °C and the extent of reduction was determined. It is to note that during re-oxidation step, GNS and CNTs have not reacted with oxygen which was clear from the absence of CO 2 peak. It was assumed that Co 0 was oxidized to Co 3 O 4 . The calculations are summarized below [22] :
Catalyst activity test
Catalysts' performance in FTS was examined in a fixed bed reactor. The reactor temperature was recorded and controlled using an internal K type thermocouple and a PID temperature controller. 0.6 g of catalyst diluted with %Dispersion = number of Co 0 atoms on surface number of Co atoms in sample × 100,
2.4 g silicon carbide and used for catalytic tests. The desired flows of hydrogen and carbon monoxide were premixed and entered the reaction zone using Brooks 5850 mass flow controllers. After in situ reduction at 400 °C and H 2 = 30 ml/min for 18 h, the reactor temperature decreased and FT tests were conducted at 220 °C, 1.8 MPa, H 2 /CO = 2 and a flow rate of 45 ml/min. Products were removed and passed through two traps, a hot trap (at 100 °C) and a cold trap (at 0 °C). The uncondensed vapor pressure was reduced to atmospheric. The out let gas flow was measured using a bubble flow meter, analyzed by an online GC and used to measure the CO conversion and gaseous products selectivity. The accumulated liquid (wax, oil and aqueous) products were removed every 24 h and analyzed by GC.
Results and discussion
CNTs and GNS characterization
The infrared (IR) spectrum used to elucidate the structure and identify functional groups. The spectra of the functionalized CNTs and GNS are shown in Fig. 1 . The peaks at 2921 cm −1 , 1579 cm −1 , and 664 cm −1 are related to (C-H) (alkanes), (C-C in-ring) (aromatics), and (-C≡C-H:C-H) (alkynes), respectively. In addition, the peaks at 1384 cm −1 , 1729 cm −1 , and 3446 cm −1 are related to (C-O), (C=O) (carboxylic acids), and (OH) groups (alcohols and phenols). Raman spectroscopy was conducted to identify the graphitic degree of the samples. There are three peaks in GNS pattern (Fig. 1) ; G at 1585 cm −1 , 2D at 2700 cm −1 , and D band at 1350 cm −1 . The 2D band is characteristics for GNS in Raman spectrum, and the ratio I (2D)/ /I (G) provides information about support surface [23] . The G peak is due to the bond stretching of all pairs of sp 2 atoms in both rings and chains. The D peak is due to the breathing modes of sp 2 atoms in rings which means that the D band intensity assigns the abundance of defects in the sheet, while the G band is related to the graphitic hexagonal mode and in highly ordered pyrolytic graphite [24] . Higher D/G ratio for GNS in comparison to CNTs (3 vs 1.1), indicates the higher degree of defect sites on the graphene support which consequences more favorable nucleation sites for the metal nanoparticle on support surface.
3
Catalysts' characterization FESEM images of catalysts are useful for investigating the morphology and also estimating particle-size distributions. The particle-size distribution was analyzed using ImageJ GNS catalyst (Fig. 4a ) demonstrates the Co particles which are dispersed on the surface of nanosheets. Particle-size distribution shows small Co particles on graphene sheets. There are particles in the range of 10-15 nm, most between 10 and 11 nm, and the average calculated as 10.7 nm. These results introduce a narrow distribution for Co particles on GNS support. Figure 4b shows the FESEM picture of Co/ CNTs catalyst. In this case, cobalt particles are located both at the external surface of small channels and also embedded in inside the tubes. Particle-size distribution diagrams show that particles are distributed with different sizes in a relatively wide range of 8-78 nm and the average is 15.56 nm.
Most parts of the particles are measured between 8 and 22 nm. In Co/Al 2 O 3 image (Fig. 5b ), the dispersed cobalt was observed on the catalyst granule. In this case, also Co nanoparticles dispersed with a broad size range of 13-88 nm and 76% of metal nanoparticles are located in 13-22 nm domain. Figure 4 also depicts the particle-size diagrams of the cobalt particles, which plotted using the population of cobalt particles on five different FESEM pictures (only one picture is shown here for each catalyst). Different supports resulted in different particle size of cobalt-oxide species in the order of Co/Al 2 O 3 > Co/CNTs > Co/GNS, and average Co particles are calculated as 19.3, 15.6, and 10.7 nm, respectively. The image of Co/GNS catalyst shows a lot of edge and corners which are considered as the most active sites in FT reaction. On the other side, the ratio of corner and edges are less in Co/CNTs and Co/Al 2 O 3 , and this observation could be clearly realized from FESEM images. One of the strategies to create sintering-resistant catalysts is to elongation of the particle-to-particle traveling distance [25] . GNS provide a large surface area compared to CNTs and Al 2 O 3 which could influence the growth of particles. All catalysts are synthesized via similar method and conditions which could affect the establishment of cobalt nanoislands, but support properties to influence the amount, dispersion, and also the properties of these cobalt islands.
Surface area and pore size distribution of the supports and catalysts were studied by BET and results are presented in Table 1 . GNS show higher surface area in comparison to CNTs and Al 2 O 3 (400 in comparison to 220 and 200 m 2 /g). The BET surface area of the Co/Al 2 O 3 , Co/CNTs, and Co/ [27] . Cobalt contents in catalysts were measured and ICP results are also presented in Table 1 ; the values of deposited Co on GNS, CNTs, and Al 2 O 3 surfaces are 14.0 wt%, 13.9 wt%, and 14.5 wt% which are close to nominal composition of 15.0 wt%.
The XRD patterns of the calcined catalysts are displayed in Fig. 5 . In XRD patterns, the sharp peaks are due to the Fig. 5 . The Scherrer equation was used to evaluate the size of cobalt-oxide crystallites for the most intense diffraction peak at 2θ of 36.8° (Table 1 ) [29] . Average crystalline size of cobalt oxides for Al 2 O 3 , CNTs, and GNS supported catalysts are measured as 10.3, 14.7, and 18.9 nm, respectively. In gaseous reaction, atmosphere, used in CVD method, is a solvent-free area and the particle mobility are limited and also it is to note that the temperature raising is the key point to slow down the particle growth on support surface and decrease particles aggregating during synthesizing. There are considerable metal-support interactions in Co/Al 2 O 3 catalyst.
Temperature-programmed reduction (TPR) results are applied for understanding the degree of interaction of the active metals with the supports. Two distinct reduction peaks are related to the reduction of Co 3 O 4 to CoO and the CoO to Co 0 , respectively [30] . The broad tailing in the TPR spectra resulted from dispersed and probably strongly interacting cobalt species with the supports (specially in Co/Al 2 O 3 ). Using GNS as the support facilitated both reduction steps in comparison to Co/CNTs and Co/Al 2 O 3 catalysts. The first broad reduction step in GNS, CNTs, and Al 2 O 3 supported catalysts is centered on 330, 420, and 430 °C, respectively, and second peaks are observed at about 510, 560, and 600 °C. These results could attribute to more defects on graphene surface. Consequently, more functional groups on the graphene surface accelerate the hydrogen spill over in the reduction process [22] .
Percentage of dispersion and reduction and also particle diameters are summarized in Table 2 . As shown, the hydrogen uptake increases in the order of Co/Al 2 O 3 < Co/ CNT < Co/GNS. The degree of reduction is obtained as 32.10%, 38.26%, and 48.31% for Co/Al 2 O 3 , Co/CNTs, and Co/GNS catalysts. These results are in agreement with the TPR outcome and evidence for the improvement of reduction degrees using GNS as support. The dispersion percentage has been calculated as 22%, 29%, and 40% for Co/Al 2 O 3 , Co/CNT and Co/GNS catalysts. CVD method is a gas-phase preparation method and can provide easy access of the precursor to the interior sites of the support. The amount of anchoring sites on the surface of the support is important and more functional groups on the support generate highly dispersed catalysts [31] . Higher dispersion of smaller cobalt particles will make more cobalt atoms available for FTS reaction.
Fischer-Tropsch synthesis
The results of %CO conversion and selectivity of different products including light and heavy hydrocarbons and CO 2 for ICo/Al 2 O 3 and Co/Al 2 O 3 catalysts at 220 °C, 1.8 MPa, and H 2 /CO ratio of 2 are presented on Table 3 . As shown, using CVD method to prepare the Co/Al 2 O 3 catalyst increased the %CO conversion from 70.1 to 75.4%. Gasphase preparation methods create well-dispersed metal particles on supports [32] . Higher %CO conversion for Co/ Al 2 O 3 catalyst can be attributed to generation of more active sites for the catalyst prepared by CVD method. Increasing C 5 + selectivity is considered as one of the most important aims in designing new catalysts for FTS. Co/Al 2 O 3 catalyst prepared by CVD method slightly shifted the liquid products selectivity to lighter hydrocarbons. Table 3 also shows the results of %CO conversion and selectivity of different products in FT reaction at 220 °C, 1.8 MPa, and H 2 /CO ratio of 2 for the catalysts with different supports prepared by CVD method. CO conversions are calculated as 60.2%, 75.4%, and 78.4% for Co/CNTs, Co/ Al 2 O 3 , and Co/GNS catalysts (Table 3 ). CNT supported catalyst showed the lowest percentage CO conversion in comparison to the other two catalysts prepared using CVD method. In liquid phase-based preparation methods, the capillary forces are effective in introducing metal particles into nanotubes [33] . In gas phase, this force is limited which might weaken the particles permeability into carbon nanotubes. Metal particles inside these tubes are recognized as the most active sites [34] . We assume that lower activity of this catalyst can be related to decreasing the amount of active cobalt particles, because a considerable portion of nanoparticle is located on the outer surface, as the FESEM images show.
Based on the BET and FESEM results, GNS presents nanosheets with a high surface area which consequent smaller distributed cobalt nanoparticles in comparison to other supports. High CO conversion could be related to higher amounts of active sites with high ratio of steps and edges [35] . It is also noteworthy that the steps not only favor CO dissociation but also are advantageous to C/O hydrogenation [36] . TPR and XRD results show relatively high metal-support interactions in Al 2 O 3 supported catalysts. This catalyst also shows higher reduction temperatures and it could affect amount of active sites in catalyst. CO 2 selectivity presents the catalyst activity for water-gas shift reaction and the results clarify that the selectivities are 0.8%, 0.9%, and 0.4% for Co/Al 2 O 3 , Co/CNTs, and Co/ GNS catalysts. Experimental and theoretical investigations show that the exposed Co edges as the only sites likely to dissociate water [37] . Based on these observations, smaller Co particles provide more active sites for water dissociation instead of water adsorption and lower water-gas shift reaction rate are expected which is in agreement with the presented experimental results for our catalysts.
It is well established that smaller Co particles increase catalyst selectivity toward light products. It can be concluded that small Co particles are more active in hydrogenation reactions and produce light hydrocarbons [38] . Methane selectivity calculated as 20.9%, 14.4%, and 11.8% for Co/ GNS, Co/CNTs, and Co/Al 2 O 3 catalysts, respectively. On the other hand, for these catalysts, C 5 + liquid products calculated as 70.2%, 72.8%, and 79.7%. As the FESEM results show, Co/GNS catalysts have smaller Co particles. The changes of hydrocarbon selectivities are in good agreement with the particle-size trends. Improving the C 5 + selectivity along with CO conversion is one of the most important aims in FTS and for investigated catalysts, and according to the results, CVD acts as a useful method for modifying FTS catalyst activity (Fig. 6) .
Anderson-Schultz-Floury (ASF) distribution for FTS products for all catalysts is plotted and presented in 
Stability of catalysts
Catalyst deactivation is a major challenge in cobalt-based Fischer-Tropsch synthesis. Combined with the relatively high price of cobalt, improved stability of the catalyst will add competitiveness to the technology [39] . The stability of the studied catalysts was studied, and %CO conversion ( Fig. 8) , methane, and C 5 + selectivity (Fig. 7) variations as a function of time-on-stream were measured every 24 h.
As shown in Fig. 8 , catalysts prepared by CVD method indicate somehow different deactivation behavior. The activity drops slowly in these catalysts in comparison to the catalyst prepared by impregnation method. In ICo/Al 2 O 3 catalysts, 21.4% decrease in FTS activity was observed during the first 144 h time-on-stream and this amount is reported as 1.3% in Co/Al 2 O 3 catalysts prepared by CVD method. The active metal particle size and their dispersion play a crucial rule in catalyst stability. From this point of view, small and well-dispersed catalysts need longer run time for agglomeration.
The percentage of activity lose is calculated as 6.7% and 3.3% for Co/CNTs and Co/GNS catalysts, respectively. The catalyst metal is more tightly bound to the GNS edge than to the CNTs surface because of the existence of active dangling bonds of edge carbon atoms. Dangling bonds is formed due to the generation of some defects in the initial process for producing carbon-based materials [40, 41] . The number of edge carbon atom in GNS is relatively more than that of CNTs because of the structure. It is established that the energy barrier of metal atom diffusion is lower on the graphene layer and CNTs sidewall than on the GNS edge. Thus, catalyst metal agglomeration occurs more easily on the CNTs surface, which causes low disparity [4] .
The changes in methane and C 5 + selectivity are reported in Fig. 9 . During 144 h FT synthesis, the C 5 + selectivity increased and reached to 74.3%, 79.1%, 84.0%, and 84.0% for Co/GNS, Co/CNTs, and Co/Al 2 O 3 and ICo/Al 2 O 3 catalysts, respectively. These results suggest that the cobalt particles might became slightly larger at longer times on-stream. Also, it is reported that C 5 + selectivity can be affected by the amount of water produced at different %CO conversions [42] . Thus, the changes of C 5 + selectivity for catalysts also can be affected by the effect of %CO conversion on the hydrocarbon selectivity.
There are several mechanisms for catalyst deactivation. To specify the presence of each mechanism and determine its portion in catalyst deactivation, detailed information is required, and for this stage, we assume that oxidation, sintering of cobalt crystallites, and coke formation are among the most probable causes in the investigated catalysts [43] .
Conclusion
Using chemical vapor deposition for preparation of cobalt FTS catalyst increased metal dispersion, decreased metal particle sizes, and improved the percentage reduction of the catalysts. CVD method increased the catalyst activity and shifted the product distribution to lower molecular weight hydrocarbons. Among the catalyst prepared on Al 2 O 3 , CNTs, and GNS, cobalt supported on GNS showed the highest %CO conversion. Having higher quantity of cobalt islands with a large ratio of edge and corners to flat 
